Tuberculina species are mitosporic parasites of rust fungi. Phylogenetically they belong to the Urediniomycetidae, therefore being closely related to their rust fungal hosts. We reveal by means of molecular analyses, ultrastructural and morphological features, observations in the field, and infection experiments that species of the genus Tuberculina and the violet root rot (Helicobasidium/Rhizoctonia crocorum) are stages of the life-cycle of one holomorph. This opens up new perspectives on parasitic life strategies as the resulting life-cycle is based on interkingdom host jumping between rusts and spermatophytes. In addition, we point at the consequences for any practical application dealing with Helicobasidium as an economically important plant pathogen and Tuberculina as a biological agent in rust control.
INTRODUCTION
In parasitic fungi, complex life strategies have evolved in several lineages (e.g. Ga¨umann 1964 ). For example, the rust fungi produce up to five different spore forms, normally depending on two unrelated host plants (e.g. Ga¨umann 1959) or the smut fungi possess a two-phase life-cycle with a saprobic haploid phase and a phytoparasitic dikaryophase (e.g. Bauer et al. 2001) . In some cases the life stages of one fungal species are so different from each other that they have been regarded as separate species for a long time (e.g. Begerow, Bauer & Boekhout 2000) . Here, we present data that show that species of the mycoparasitic fungal genus Tuberculina and species from the plant-parasitic genus Helicobasidium are stages of the life-cycle of one holomorph. Thereby, we reveal a hitherto unknown life strategy, which is characterised by, in respect to sexual reproduction, obligate host alternation between rust fungi and plants, each serving as hosts for a biologically distinct life stage. The life-cycle presented with its interkingdom host jump opens up new vistas on parasitic life strategies and the evolution of fungal parasitism. Furthermore, that the rust-parasitic Tuberculina and the plant-parasitic Helicobasidium are different stages in one life-cycle, calls for a re-evaluation of attempts to use Tuberculina as a biological agent in rust control and, finally, offers new perspectives to combat the important plant pathogen Helicobasidium.
The mycoparasitic stage of the life-cycle is represented by the genus Tuberculina. Tuberculina species occur all over the world, living in association with over 150 rust species from at least 15 genera. They are restricted to the haploid stages of their rust fungal hosts (Wicker 1980) growing between the hyphae of their hosts in leaves and stems of plants. When sporulating, Tuberculina becomes visible as hemispherical, lilac to violet mycelia that burst through the plant surface, generally close to rust sori, releasing a powdery mass of conidia. The strong inhibitory effect of Tuberculina on rust spore production has resulted in extensive research dealing with Tuberculina as a biological agent in rust control (Wicker 1981) . Recently, we demonstrated that Tuberculina species are phylogenetically closely related to their associates, the rust fungi. Additionally, we substantiated the mycoparasitic nature of Tuberculina species on rusts, showing cellular interaction via large fusion pores (Lutz et al. 2004) .
Helicobasidium species represent the other stage of the life-cycle presented here. Surprisingly, they are serious plant pathogens causing the economically important violet root rot. Worldwide over 120 species representing more than 50 families of spermatophytes are known as hosts (Itoˆ1949). Helicobasidium species b C, culture; E, electron microscopy; I, infection experiment; S, sequence; ITS, ITS1/2 region of the rDNA including the 5.8S rDNA localized between the nuc-SSU rDNA and nuc-LSU rDNA; LSU, 5k-end of the nuc-LSU rDNA including the domains D1/D2. Valder 1958 , Suzuki 1978 , Fukushima 1998 , Uetake et al. 2003 , metabolites (Nishikawa 1962 , Takai 1966 , and parasite-host interaction (Hering 1962b , Ieki 1975a , b, Matsuzaki, Haneda & Mitsueda 1986 . But fundamental questions on its life-cycle remained so far unanswered .
MATERIALS AND METHODS

Fungal material
For the studied species, DNA isolation numbers, reference materials, characters studied, and GenBank accession numbers, see Table 1 .
Molecular analyses
For methods of isolation and crushing of fungal material, DNA extraction, amplification, purification of PCR products, sequencing, and processing of the raw data see Lutz et al. (2004) . We determined base sequences of the 5k-end of the nuc-LSU rDNA including the domains D1/D2 (LSU) and of the ITS1/2 region of the rDNA including the 5.8S rDNA (ITS) of 42 Helicobasidium, Thanatophytum and Tuberculina specimens (Table 1) , including all commonly distinguished species. The ITS region (about 600 bp) was amplified using the primer pair ITS1 and ITS4 (White et al. 1990) . For amplification of the ITS region we adjusted the annealing temperature to 45 xC.
To estimate phylogenetic relationships, we added sequences of the closest relatives (Lutz et al. 2004) including two Tuberculina hosts from GenBank (accession nos. in parentheses) : Eocronartium muscicola (L20280), Gymnosporangium sabinae (AF426209), Helicobasidium longisporum (syn. H. compactum) (AY222046), Herpobasidium filicinum (AF426193), Melampsora lini (L20283), Pachnocybe ferruginea (L20284), Septobasidium carestianum (L20289), Tranzschelia pruni-spinosae (AF426224), Tuberculina maxima (AY222044), Tuberculina persicina (AY222043), and Tuberculina sbrozzii (AY222045). We used a Bayesian approach of phylogenetic inference using a Markov chain Monte Carlo (MCMC) technique as implemented in the computer program MrBayes 3.0B4 (Huelsenbeck & Ronquist 2001) . Four incrementally heated simultaneous Markov chains were run over 2 000 000 generations using the general time reversible model of DNA substitution with gamma distributed substitution rates (Rodriguez et al. 1990 , Gu, Fu & Li 1995 and estimation of invariant sites, random starting trees and default starting parameters of the DNA substitution model (Huelsenbeck & Ronquist 2001 ). Trees were sampled every 100 generations resulting in an overall sampling of 20 001 trees. From these, the first 1000 trees were discarded (burnin=1000). The trees computed after the process reached stationarity (19 001 trees) were used to compute a 50 % majority rule consensus tree to obtain estimates for the a posteriori probabilities of groups of species. This Bayesian approach of phylogenetic analysis was repeated ten times to test the independence of the results from topological priors (cfr Huelsenbeck et al. 2002) . DNA sequences determined for this study were deposited in GenBank, accession numbers are given in Table 1 . The alignment (43 sequences ; length : 1147 bp ; after exclusion of the sites 579-580 : 257 variable sites) is available from Tree BASE (matrix accession no. M1726).
Electron microscopy
For transmission electron microscopy (TEM), samples were prepared in two ways : (1) Fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) at ca 20 x overnight. Following six transfers in 0.1 M sodium cacodylate buffer, samples were postfixed in 1 % osmium tetroxide in the same buffer for 1 h in the dark, washed in distilled water, and stained in 1 % aqueous uranyl acetate for 1 h in the dark. After five washes in distilled water, samples were dehydrated in acetone, using 10 min changes at 25, 50, 70, 95, and three times in 100% acetone. Samples were embedded in Spurr's plastic and sectioned with a diamond knife. Ultrathin serial sections were mounted on formvarcoated, single-slot copper grids, stained with lead citrate at room temperature for 5 min, and washed with distilled water. They were examined using a Zeiss EM 109 transmission electron microscope operating at 80 kV. (2) Samples were prepared by high pressure freezing and freeze substitution. Infected areas of leaves were removed with a 2 mm cork borer. To remove air from intercellular spaces, samples were infiltrated with distilled water containing 6 % (v/v) (2.5 M) methanol for approx. 5 min at ca 20 x. Single samples were placed in an aluminium holder and frozen immediately in the high pressure freezer HPM 010 (Balzers Union, Liechtenstein). Substitution medium (1.5 ml per specimen) consisted of 2% osmium tetroxide in acetone, which was dried over calcium chloride. Freeze substitution was performed at x90 x, x60 x, and x30 x, 8 h for each step, using a Balzers freeze substitution apparatus FSU 010. The temperature was then raised to approximately 0 x over a 30 min period and samples were washed in dry acetone for another 30 min. Infiltration with an Epon/Araldite mixture was performed stepwise: 30% resin in acetone at 4 x for 7 h, 70 % and 100% resin at 8 x for 20 h each and 100 % resin at 18 x for approximately 12 h. Samples were then transferred to fresh medium and polymerised at 60 x for 10 h. Finally, samples were processed as described above for chemically fixed samples, except that the ultrathin sections were additionally stained with 1 % aqueous uranyl acetate for 1 h.
Cultures
We obtained cultures from Tuberculina conidia as well as from Helicobasidium basidiospores on malt-extract agar (20 g malt extract, 20 g glucose, 15 g agar, 1 g universal peptone per litre distilled water), and on malt-yeast-peptone agar (15 g agar, 7 g malt extract, 1 g universal peptone, 0.5 g yeast extract l x1 distilled water). The Helicobasidium cultures were started by fixing small pieces of freshly collected sporulating basidiomata at the underside of the lid of culture dishes. After 1 d of incubation at ca 20 x, the basidiomes were removed and the germination of the basidiospores was checked microscopically. After a few days, cultural growth could be observed microscopically in some places by a change of hyphal characters and by the change of the colour of the medium to violet. For Tuberculina, a small number of conidia obtained from freshly collected sporodochia was spread over the media with the help of a very fine needle.
Infection experiments
The rusts for inoculation were obtained in three different ways : (1) Puccinia sessilis on Allium ursinum, Tranzschelia pruni-spinosae on Anemone ranunculoides, Gymnosporangium sabinae on Pyrus communis, and G. cornutum on Sorbus aucuparia collected growing in nature in places where we were not able to detect any Tuberculina infection in the previous growth season. We divided the places into isolated areas where we inoculated the rust infected plants and areas without inoculation for control. (2) Euphorbia cyparissias plants that were systemically infected by Uromyces pisi s. lat. in nature were transferred to our greenhouse. The plants inoculated with the hyperparasite and control plants were cultivated in different houses. After inoculation, the single plants were incubated for 3 d under transparent plastic bags to provide high humidity. And (3) cultivated Taraxacum officinale aggr. in our greenhouse was infected with Puccinia silvatica using the wire net method (Kakishima, Yokoi & Harada 1999) . As inoculum we used freshly collected leaves of Carex brizoides harbouring sori of teliospores of the rust. Inoculation with the hyperparasite and control were handled as in (2).
For the inoculation of rusts, we vigorously shook basidiospores from freshly collected basidiomes or conidia from Helicobasidium cultures in tap water and spread the inoculum with a small brush over the upside and the underside of rust infected leaves, or, for the inoculation of Gymnosporangium sabinae, we collected intensively sporulating basidiomes of Helicobasidium longisporum and H. purpureum in the field, tore the fresh basidiomata into pieces ca 4 cm 2 and tagged the pieces to pear trees, which we had already inoculated with G. sabinae to obtain heavy rust infections. In every case, we inoculated the rusts with their mycoparasites as soon as the rust pycnia were mature. After inoculation, the inoculated plants and the control were monitored for the time the respective rusts needed to complete their life-phase on the respective host plant.
The plants for inoculation with Tuberculina conidia and for control were grown from seed or young seedlings in our greenhouse. For the inoculation of plants, we vigorously shook freshly collected Tuberculina conidia in tap water, spread the inoculum over the roots, and re-planted the young seedlings. After inoculation, the inoculated plants and the control were grown in the greenhouse and observed as long as they lived.
RESULTS AND DISCUSSION
Molecular analyses
Molecular analyses gave rise to the idea of Tuberculina and Helicobasidium being stages of the life-cycle of one holomorph. Spacer regions of the rDNA (ITS, IGS) in particular change rapidly and therefore show a relatively high amount of dissimilarities between closely related taxa (Diaz & Fell 2000 , Scorzetti et al. 2002 or even within species (O'Donnell 1992). In contrast, identical ITS or IGS base sequences have never been observed for morphologically or physiologically distinct species (Gardes & Bruns 1993 , Horton 2002 . Consequently, sequence analyses using ITS data is recommended for species identification in, for example, basidiomycetous yeasts (Scorzetti et al. 2002) and ectomycorrhiza forming fungi (Horton 2002) .
All LSU-and ITS-sequences obtained from Tuberculina specimens showed the highest similarities to Helicobasidium and 'Rhizoctonia crocorum ' (Thanatophytum) sequences, respectively, compared to the sequence data available in GenBank. Including the data from GenBank, identical ITS-and LSU+ITS-sequences of Tuberculina and Helicobasidium or Thanatophytum specimens, respectively, occurred in four groups labelled in Fig. 1 as H. purpureum I and II, and H. longisporum I and II (see Table 2 ). Specimens from distant collection sites shared identical ITS sequences (see Table 2 ). Interestingly, we never found a Tuberculina specimen belonging to the serious plant pathogen Helicobasidium mompa, and we only observed Helicobasidium specimens belonging to T. persicina, and never to T. maxima or T. sbrozzii (Fig. 1) .
Morphology
Morphological studies support the hypothesis of a shared identity of Tuberculina and Helicobasidium. Buddin & Wakefield (1927) already demonstrated that cultures of Helicobasidium on artificial media produce ' _ small raised tubercles, which eventually become pustules of conidia of the type which is characteristic of the genus Tuberculina _ '. That observation was repeated several times (Valder 1958 , Sayama, Kobayashi & Ogoshi 1994 , Fukushima 1998 ultrastructural features (Figs 2-3 ) and for germination and growth in culture of both Tuberculina/Helicobasidium conidia and Helicobasidium basidiospores. Microscopic inspection of conidial formation in Tuberculina and Helicobasidium cultures and in Tuberculina infections revealed identical morphologies, which could be designated, after Kendrick & Carmichael (1973) , as amerosporous, ceterisporous, phaeosporous, and phialiform. In culture on malt-extract agar and maltyeast-peptone agar, Tuberculina/Helicobasidium conidia and Helicobasidium basidiospores grew rapidly at first (ca 80 mm h x1 ), and had rarely branched germ tubes (' infection ' hyphae 2-3 mm diam ; length to 2 mm, sometimes more), which were regularly septate with cytoplasm concentrated at the tip. Some of these hyphae changed their mode of growth without apparent reason, and started to form thicker, multiple branched, regularly septate hyphae, forming a dense mycelium capable of producing sclerotia and conidia of the Tuberculina-type, and an intense golden brown secretion into the media.
Infection experiments
To clarify the life-cycle, we tried to grow one form out of the other. Tuberculina infections of several rusts were Fig. 1 . Phylogenetic relationships of selected Tuberculina, Thanatophytum, and Helicobasidium species. Bayesian Markov chain Monte Carlo analysis of an alignment of nuclear rDNA sequences from the 5k-end of the LSU and from the ITS region using the general time reversible model of DNA substitution with gamma distributed substitution rates and estimation of invariant sites, random starting trees, and default starting parameters of the substitution model, and four incrementally heated simultaneous Markov chains. 50 % majority rule consensus tree from 19 001 trees that were sampled after the Markov chains reached stationarity (trees were sampled every 100 generations). The topology was rooted with the sampled urediniomycetidaceous species not belonging to the Tuberculina -Thanatophytum -Helicobasidium cluster. Numbers on branches are estimates for a posteriori probabilities, i.e. probabilities that the respective groups are monophyletic given the alignment. Branch lengths were averaged over the sampled trees. They are scaled in terms of expected numbers of nucleotide substitutions per site. Table 2 . List of specimens sharing identical base sequences with DNA isolation number or GenBank accession number and their collection site.
Identical ITS and LSU base sequences Identical ITS base sequences
Helicobasidium purpureum I Helicobasidium purpureum ml139 -Germany ml139 -Germany ml153 -Germany ml153 -Germany
Tuberculina persicina ml79 -Italy ml79 -Italy ml155 -Germany ml155 -Germany ml445 -Germany ml445 -Germany ml446 -Germany ml446 -Germany ml447 -Germany ml447 -Germany ml548 -Italy ml548 -Italy
Helicobasidium purpureum II Helicobasidium purpureum ml418 -Belgium ml418 -Belgium
Thanatophytum crocorum ml491 -Germany AB043969 -New Zealand AB044288 -New Zealand AB044289 -New Zealand AB044290 -New Zealand AB044353 -?
Tuberculina persicina ml1 -Austria ml1 -Austria ml316 -Germany ml22 -Russia ml316 -Germany
Helicobasidium longisporum I
Helicobasidium longisporum ml33 -Germany ml33 -Germany ml123 -Austria ml123 -Austria ml423 -Germany AB044141 -Belgium
Thanatophytum crocorum ml88 -Germany ml592 -Italy
Tuberculina persicina ml81 -Greece ml81 -Greece ml100 -Austria ml100 -Austria
Helicobasidium longisporum II Helicobasidium longisporum ml103 -USA ml103 -USA Tuberculina persicina ml125 -Dominica ml125 -Dominica obtained in infection experiments with several experimental approaches from inoculations with Helicobasidium basidiospores collected in the field and from inoculations with conidia from cultures of Helicobasidium (Table 3) . Infections were detected from the inoculation of the Puccinia species, Tranzschelia, and Uromyces with Helicobasidium purpureum, and for both inoculations of the Gymnosporangium species with H. longisporum. The actual derivation of the infections from the inocula was checked by the control experiments where no infections occurred, the infections being localized at the points of inoculation, and by analysing ITS base sequences of inoculum and infection thereby Tuberculina infections showing identical sequences compared to the respective Helicobasidium inocula. In addition, Tuberculina conidia were demonstrated to be capable of reinfecting rust fungi (Vladimirskaya 1939 , Barkai-Golan 1959 . In contrast, we never obtained any Helicobasidium infection in any plant inoculated with Tuberculina conidia (Table 3 ) and, despite intensive research, there is no report of Helicobasidium or Thanatophytum infections, respectively, from inoculations with Helicobasidium basidiospores.
Tuberculina sclerotia, which are formed when the Tuberculina hosts, the rust fungi, enter dormancy in the autumn, may be the initial structure for the change from the haploid Tuberculina-stage to the dikaryotic Thanatophytum-stage. At least, our ultrastructural observations revealed cell fusion between Tuberculina hyphae and paired nuclei in Tuberculina sclerotia (data not shown). Furthermore, in our experiments the Tuberculina sclerotia germinated on several agar media with dikaryotic hyphae (Fig. 4) , forming typical Thanatophytum (Rhizoctonia crocorum) cultures. Interestingly, for the very common Tuberculina maxima on Gymnosporangium sabinae (not represented in Fig. 1 ) we did not observe either the formation of sclerotia nor the existence of a Helicobasidium-stage. In contrast, T. persicina on G. sabinae produced sclerotia in about 75 % of infected rust sori in the autumn, and the related H. longisporum (Fig. 1) was found in two of places nearby.
Field observations
Field observations could help in the understanding of the identity and interplay of the two life stages, Tuberculina and Helicobasidium. In the neighbourhood of Tu¨bingen, we were able to detect H. longisporum or H. purpureum, respectively, close to T. persicina parasitic on at least one rust species in five places during the last two years. In one of those sites, T. persicina (Fig. 2) and Helicobasidium longisporum ml560 (Fig. 3) seen by transmission electron microscopy, prepared by high pressure freezing and freeze substitution for Tuberculina persicina and prepared by chemical fixation for Helicobasidium longisporum. In each case the section shows a simple pore (arrows) surrounded by microbodies (arrowheads) in a more or less circular arrangement. Note that the pore channel is plugged by amorphous, electron-opaque material. Bar=0.2 mm.
parasitised nine different rust species (Table 4) , growing in an area of 200 m 2 around five fructifications of H. purpureum. The sporulation time of Helicobasidium in a short period of time in spring, harmonises with the occurrence of pycnia and aecia of several rust species in typical Helicobasidium habitats. In the autumn when the rust fungi enter dormancy, Tuberculina forms sclerotia that fall to the ground together with the leaves, apparently initiating the change to the Helicobasidium-stage.
Life-cycle
The recognition of Helicobasidium and Tuberculina species as stages of the life-cycle of one holomorph reveals a unique life-cycle (Fig. 5 ) and a fascinating life strategy : sexual reproduction and asexual multiplication are each linked to distinct life stages that are characterised by special morphological and ecological characters. The dependency of the sexual and asexual life stages of one species on hosts from two kingdoms is unique among organisms. The sterile Thanatophytumstage grows as a soil-borne plant parasite covering the roots of spermatophytes with a dense, dikaryotic mycelium causing the disease known as violet root rot (Itoˆ1949, Valder 1958 , Suzuki 1978 . The hostparasite-interaction of the Thanatophytum-stage is initially realised by complex interaction structures called infection cushions that allow the intrusion of the parasite through the plant cortex (Hering 1962b , Ieki 1975a , Matsuzaki et al. 1986 ). Then, the internal root tissues are decomposed (Itoˆ1949, Ieki 1975a). Thanatophytum survives and is dispersed via the formation of soil-borne sclerotia (Suzuki et al. 1957 , Valder 1958 . Helicobasidium fructification takes place by forming a fine hymenium arising on perennial mycelial coats covering substrata above the ground (Buddin & Wakefield 1927) . As the first step of sexual reproduction, nuclear fusion and subsequent meiosis take place in the Table 3 . Experimental approaches and results of infection experiments. The species used as inocula, the respective kind of inoculum, the inoculated rust or plant species, the respective life stages of the inoculated rusts, and the results of the different inoculations are given. Fig. 4 . Dikaryotic hyphae of Tuberculina persicina ml601 from germinating sclerotia on malt-extract agar seen by light microscopy after nuclear staining with Giemsa (Bauer 1987) . Dikarya are visible at arrowheads. Bar=20 mm. basidia resulting in haploid, ballistic basidiospores (data not shown). The basidiospores germinate to produce infection hyphae capable of infecting pycnia (data not shown) and presumably the aecia of rust fungi, resulting in a rust-parasitic mycelium. The parasitic interaction between the Tuberculina-stage and the rust fungal hosts is realised by large intercellular fusion pores (Lutz et al. 2004) and is thus quite different to the parasitism of the Thanatophytum-stage. Shortly after infection (Wicker & Wells 1970) , anemochorous Tuberculina conidia may be formed as units of asexual reproduction and dispersion. They germinate like the basidiospores, and are capable of re-infecting potential rust hosts (Vladimirskaya 1939 , Barkai-Golan 1959 . The change from the Tuberculina-to the Thanatophytum-stage, including cell fusion and dikaryotisation, which is the second and completing step of sexual reproduction, is apparently realised via Tuberculina sclerotia. Considering the exceptional life-cycle, the question is : how could a fungus evolve to jump between two kingdoms, i.e. to parasitize organisms from such phylogenetically distinct groups as fungi and plants and, above all, with such different modes of parasitic interaction ? Helicobasidium and its closest relatives are plant parasites (Bauer & Oberwinkler 1994) . Therefore, it seems that this group arose as plant parasites. The crucial point is the mycoparasitic Tuberculina-stage, and accordingly the question how the drastic host jump from plants to fungi could have been evolved. A promising approach to clarify the evolution of the Tuberculina-stage may be analyses of the genetic background of the remarkable cellular interaction between Tuberculina and rust hyphae.
However, the recognition of Helicobasidium and Tuberculina as the same fungi not only opens new perspectives on fungal life strategies and evolutionary pathways, but also has practical consequences. The knowledge of Tuberculina as a stage of multiplication and dispersal might help combat the severe plant pathogens Helicobasidium or Thanatophytum, respectively. In contrast, knowing that Tuberculina is followed by the plant-parasitic Helicobasidium stage argues against the possible use of Tuberculina as a biological agent in rust control. However, we could not find a Helicobasidium-stage for the very common Tuberculina maxima or for T. sbrozzii. Consequently, there may be Tuberculina species which have lost the phytoparasitic stage and which could still be considered as potential agents in rust control.
